Abstract. Inadequate trophoblast invasion and increased trophoblast apoptosis cause serious pregnancy complications. Pleckstrin homology-like domain, family Α, member 2 (PHLDA2) has been linked to fetal size at birth and growth restriction in a number of studies. However, the impact of PHLDA2 on trophoblast function had not been studied previously, to the best of our knowledge. In the present study, immunofluorescence staining demonstrated that primary trophoblasts isolated from placental villous tissues were positive for cytokeratin 18 (CK18), vimentin and human placental lactogen (hPL). JEG-3 cells and primary trophoblasts were infected with lentivirus overexpressing PHLDA2. RT-qPCR and western blot analysis detected high levels of PHLDA2. A Cell Counting Kit-8 (CCK-8) assay showed that PHLDA2 overexpression inhibited trophoblast proliferation. In addition, PHLDA2 significantly induced apoptosis, as evidenced by Annexin V-FITC/propidium iodide (PI) and Hoechst staining, along with activation of Bax and caspase-3 and also decreased Bcl-2 expression. Further investigation showed that PHLDA2 effectively induced reactive oxygen species (ROS) generation, caused cytochrome c release from the mitochondria into the cytosol and decreased mitochondrial membrane potential. PHLDA2 likely induced apoptosis through the mitochondrial pathway. Wound healing and Transwell assays indicated that PHLDA2 overexpression efficiently suppressed cell migration and invasion. These data suggest that PHLDA2 plays an important role in the occurrence and development of pregnancy complications by promoting trophoblast apoptosis and suppressing cell invasion.
Introduction
Pregnancy is both a complex and unique physiological process that involves many events, including successful implantation, decidualization, placentation and parturition (1) . The placenta is an organ whcih grows in the uterus and connects the fetus to the uterine wall of the mother; it allows not only for the uptake of nutrients, but also for the exchange of gases and the transport of metabolic waste (2, 3) . Invasion of extravillous trophoblasts into the uterine decidua and myometrium occurs within the first 20 weeks of gestation. This is of great importance to maternal circulation at the maternal-fetal interface during pregnancy (4, 5) . Inadequate trophoblast invasion into the uterine spiral arteries and impaired placentation affect fetal growth and lead to serious pregnancy complications, such as intrauterine growth restriction (IUGR), preeclampsia (PE), preterm birth and spontaneous abortion (6, 7) . Additionally, excessive trophoblast apoptosis can also be observed in the placentas of patients who have been affected by pregnancy complications (5, 8) . However, the precise mechanisms remain unclear.
Pleckstrin homology-like domain, family Α, member 2 (PHLDA2; also known as BRW1C, BWR1C, HLDA2, IPL and TSSC3), a maternally expressed imprinted gene (9) , is negatively correlated with size at birth and has been linked to fetal growth restriction in a number of studies (10) (11) (12) (13) . In the placentae of babies affected by IUGR (10, 14, 15) and with low birth weight (LBW) (12) , upregulated expression of PHLDA2 has been observed. In a mouse model, it was noted that knockdown of PHLDA2 resulted in a significant increase in placental size during gestation (16) . Previous research has also shown that downregulated PHLDA2 expression in onecell zygotes using siRNA resulted in accelerated blastocyst development (17) . Therefore, high expression of PHLDA2 may have a close correlation with abnormal placental function and pregnancy complications. However, the effects of PHLDA2 on trophoblast invasion and cell apoptosis, which play a critical role in the onset and development of pregnancy complications, have yet to be fully clarified.
In the present study, we isolated primary trophoblasts and detected cytokeratin 18 (CK18), vimentin and human placental lactogen (hPL) expression. The human placental choriocarcinoma cell line JEG-3 and primary trophoblasts were infected with lentiviruses, and subsequently we examined the impact of PHLDA2 overexpression on cell proliferation, apoptosis, mitochondrial function, migration and invasion.
Materials and methods
Tissue collection. Human villous tissues were obtained from women who underwent artificial abortion within 7 weeks of pregnancy. Written informed consent was signed by the patients who were recruited to the study. Ethics approval was provided by The China Medical University Ethics Committee (Shenyang, China).
Primary culture of primary trophoblasts and cell culture. The human placental villous tissues were first rinsed in PBS and minced into 1-2 mm 3 fragments, placed in a 35-mm culture dish and subsequently subjected to sequential 10-min treatments with 0.125% trypsin at 37˚C. The supernatant was collected, and then Dulbecco's Modified Eagle's medium (DMEM) (Gibco, Grand Island, NY, USA) containing fetal bovine serum (FBS) (HyClone, Logan, UT, USA) was added in order to terminate the digestion. The cell suspension was filtered through a 70-µm mesh nylon strainer to remove undigested tissue fragments. The filtrate was centrifuged, washed with PBS and cultured in minimum essential medium (MEM) for 48 h. The adherent cells were primary trophoblasts.
Human placental choriocarcinoma JEG-3 cells were purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China). The cells were cultured in DMEM supplemented with 10% FBS and incubated in a humidified atmosphere with 5% CO 2 at 37˚C.
Treatment groups.
Primary trophoblasts and JEG-3 cells that were transfected with lentivirus containing control vector or lentivirus overexpressing PHLDA2 were termed Vector or PHLDA2. Primary trophoblasts and JEG-3 cells, which were not transfected with lentiviruses, were used as controls in our experiments.
Immunofluorescence staining. In the present study, the primary trophoblast slides were first fixed with 4% paraformaldehyde for 15 min and then permeabilized with 0.1% Triton X-100 for 30 min at room temperature. Goat serum (purchased from Solarbio, Beijing, China) was added in order to block non-specific binding sites, followed by incubation with CK18 antibody (dilution 1:50; #sc-6259; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), vimentin antibody (dilution 1:100; #WL0274; Wanleibio, Shenyang, China) and hPL antibody (dilution 1:100; #ab11396; Abcam, Cambridge, MA, USA) at 4˚C overnight. The slides were then washed three times with PBS for 5 min and incubated with Cy3-labeled goat anti-rabbit secondary antibody (#A0516) or Cy3-labeled goat anti-mouse secondary antibody (#A0521) (Beyotime Institute of Biotechnology, Haimen, China) for 1 h at room temperature. Subsequently, 4' ,6-diamidino-2-phenylindole (DAPI) was added in order to stain nuclei, and they were then examined by fluorescence microscopy (BX53; purchased from Olympus, Tokyo, Japan).
Generation of overexpressing cell lines. Lentivirus overexpressing PHLDA2 or containing control vector was purchased from HanBio (Shanghai, China). JEG-3 cells and primary trophoblasts were cultured in 6-well plates. After reaching 70% confluence, medium containing lentiviruses and polybrene (8 µg/ml; Hanbio) was added at a multiplicity of infection (MOI) of 10 and mixed with the cells. Polybrene was used to improve infection efficiency. After incubation for 24 h, supernatants in the wells were replaced by DMEM containing FBS and cultured for 24 and 48 h for subsequent analyses.
Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was isolated from the cells in each group with an RNAsimple Total RNA kit (Tiangen Biotech Co., Ltd., Beijing, China) and reverse transcription was carried out. RT-qPCR was performed using SYBR-Green Master Mix (Solarbio) on an Exicycler™ 96 quantitative fluorescence analyzer (Bioneer Corporation, Daejeon, Korea). The reaction conditions were as follows: 95˚C for 10 min; 40 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 72˚C for 30 sec. Gene expression levels were calculated using the 2 -ΔΔCt method, as previously described (18) . β-actin was used as the normalization internal control and sequences of primers are shown in Table I . Western blot analysis. After the cells were lysed using NP-40 lysis buffer (Beyotime Institute of Biotechnology), total proteins were extracted from the supernatants of cell lysates. In addition, cells were collected and ice-cold PBS was used to resuspend the pelleted cell. Mitochondrial and cytosolic proteins were isolated with a Cell Mitochondria Isolation kit (Beyotime Institute of Biotechnology). Subsequently, 1 ml mitochondrial lysis buffer containing phenylmethanesulfonyl fluoride (PMSF) was added to incubate with the isolated mitochondria, and the mitochondrial proteins were obtained. Protein concentrations were determined using a BCA protein assay kit (Beyotime Institute of Biotechnology). Equal amounts of proteins (40 µg) were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to PVDF membranes (Millipore Corp., Bedford, MA, USA). The membranes were incubated overnight at 4˚C with PHLDA2 antibody (dilution 1:400; #bs-6884R; BIOSS, Beijing, China), cleaved-caspase-3 antibody (dilution 1:1,000; #WL0146), Bax antibody (dilution 1:1,000; #WL0101), Bcl-2 antibody (dilution 1:1,000; #WL0104) and cytochrome c antibody (dilution 1:1,000; #WL0483; Wanleibio). We also used COX IV antibody (#WL0933; Wanleibio) and β-actin (#WL0001; Wanleibio). COX IV was used as a loading control for mitochondrial proteins and β-actin for cytosolic proteins. After being washed with TTBS buffer, the membranes were incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody (dilution 1:5,000; #A0208; Beyotime Institute of Biotechnology) for 45 min at 37˚C. Band intensities were determined using Gel-Pro Analyzer software.
Analysis of apoptosis by flow cytometry. Cells were trypsinized, counted and seeded. Subsequently, cells were harvested and stained with Annexin V-FITC/propidium iodide (PI) (KeyGen, Nanjing, China) according to the manufacturer's instructions. Briefly, cells were washed twice with PBS and resuspended in binding buffer. Cells were subsequently incubated with 5 µl Annexin V-FITC and 5 µl PI for 15 min at room temperature in the dark and analyzed by flow cytometry (BD Accuri C6; Becton-Dickinson, Franklin Lakes, NJ, USA).
Hoechst staining. After 24 h infection, cells from each group were cultured on the slides in 12-well plates at a density of 1x10 5 cells/slide. When cells reached 80% confluence (cultured for approximately 24 h), the supernatant was discarded and they were washed twice with PBS. Cells were then fixed for 20 min at room temperature. Hoechst solution (Beyotime Institute of Biotechnology) was added, and cells were observed and photographed under a microscope (AE31; Motic, Xiamen, China).
Measurement of reactive oxygen species (ROS) using 2'7'-dichlorofluorescin diacetate (DCFH-DA)
. Intracellular ROS levels were measured using a Reactive Oxygen Species Assay kit (Beyotime Institute of Biotechnology) and flow cytometry (C6; Becton-Dickinson). In brief, cells in each group were plated in a T25 culture flask at a density of 5x10 5 cells/flask. When they reached 70% confluence, the supernatant was discarded and 2 ml of diluted DCFH-DA (10 µM final concentration) solution was added to each well and then incubated at 37˚C for 20 min and washed with serum-free medium to remove extracellular DCFH-DA. The cells were harvested, washed, resuspended in PBS and then detected by flow cytometry.
Mitochondrial membrane potential assay. Mitochondrial membrane potential (also known as ΔΨm) was studied using MitoTracker Red CMXRos (Invitrogen Life Technologies, Grand Island, NY, USA) according to the manufacturer's instructions. In brief, cells were harvested and labeled with MitoTracker (a dilution of 1:200) at 37˚C for 20 min. Cells were harvested, washed twice with PBS and resuspended in PBS. Mitochondrial membrane potential was analyzed by flow cytometry (FACSCalibur; Becton-Dickinson).
Wound healing assay. Cells in each group were cultured in 6-well plates. Subsequently, the supernatant was aspired and a wound was created with a sterile 200-µl pipette tip. The cells were then washed twice with serum-free medium (Gibco) to remove cell debris and photographed immediately. After 24 h of incubation, photographic images were acquired under an inverted microscope (AE31; Motic) and the migration distance was calculated. The cell migration rates were calculated using the following formula: cell migration rate (%) = (1 -the distance following healing/the distance prior to healing) x 100%. Each experiment was repeated three times.
Transwell assay. A Transwell chamber (Corning Life Sciences, Tewksbury, MA, USA) pre-coated with Matrigel gel (Becton-Dickinson) was placed into a 24-well plate. After incubation for 2 h at 37˚C, the Matrigel gel solidified. Cells in each group were digested with trypsin, resuspended in serum-free medium, and then added to the upper chamber (2x10 4 cells/well). Subsequently, 800 µl medium containing 20% FBS was added to the lower chamber. After incubation for 24 h at 37˚C, the cells which had not invaded were removed with a cotton swab. The invading cells in the lower chamber were fixed with paraformaldehyde at room temperature for 20 min and stained with hematoxylin staining solution for 5 min. Five fields were randomly selected and the number of invading cells was counted under an inverted microscope (AE31; Motic).
Statistical analysis.
All experiments were performed three times. Data are presented as the means ± SD (n=3 replicates for each analysis). All analyses were performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., San Diego, CA, USA). One-way ANOVA followed by the Bonferroni post hoc test was performed. A P-value <0.05 was considered to indicate a statistically significant difference.
Results

Isolation and characterization of primary trophoblasts.
We examined the expression of CK18, vimentin and hPL in the isolated cells. Immunofluorescence staining demonstrated that CK18 (Fig. 1A), vimentin (Fig. 1B) and hPL (Fig. 1C) were highly expressed, suggesting that we successfully isolated and characterized primary trophoblasts.
Establishment of cell lines overexpressing PHLDA2. JEG-3 cells and primary trophoblasts were infected with lentivirus. RT-qPCR and western blot analysis were used to identify the increased expression of PHLDA2 in lentivirus-infected JEG-3 cells and lentivirus-infected primary trophoblasts at 48-h post-infection. As shown in Fig. 2A and B, PHLDA2 mRNA and protein expression levels in the JEG-3 cells infected with PHLDA2-overexpressing lentivirus were 3.94-fold (P<0.01) P<0.01) (Fig. 3A) and also the primary cells infected with PHLDA2-overexpressing lentivirus (36.14±3.48%, P<0.01) compared with those in the control vector group (JEG-3, 3.50±1.15%; primary cells, 12.78±2.59%), respectively. The condensed and fragmented nuclei were regarded as apoptotic cells. As observed from the photomicrographs, PHLDA2 overexpression markedly induced chromatin condensation (Fig. 3B ). As shown in Fig. 3C , during the apoptotic process, PHLDA2 overexpression in JEG-3 cells and also in primary cells sharply increased cleaved-caspase-3 (JEG-3, 2.25-fold, P<0.01; primary cells, 2.00-fold, P<0.01) and pro-apoptotic protein Bax expression (JEG-3, 2.98-fold, P<0.01; primary cells, 2.54-fold, P<0.01), respectively, compared with the vector-infected cells. Anti-apoptotic protein Bcl-2 levels were decreased 0.33-fold (JEG-3, P<0.01) and 0.48-fold (primary cells, P<0.01).
PHLDA2 overexpression induces ROS production and also mitochondrial injury.
To examine the impact of PHLDA2 overexpression on ROS accumulation, mitochondrial injury and cytochrome c release, we measured mitochondrial membrane potential and ROS content using flow cytometric analysis at 24 h post-infection. Mitochondrial ROS was measured using DCFH-DA staining. The JEG-3 cells infected with PHLDA2-overexpressing lentivurus (Fig. 4A) (P<0.01) and the primary cells infected with PHLDA2-overexpressing lentivirus (P<0.01) demonstrated significantly increased ROS levels as compared with the groups infected with the vector-containing lentivirus. PHLDA2 overexpression induced significant loss of mitochondiral membrane potential (JEG-3, P<0.01; primary cells, P<0.01) (Fig. 4B) . Additionally, western blot analysis detected that cytochrome c in the cytosol (JEG-3, 1.81-fold, P<0.01; primary cells, 1.81-fold, P<0.01) (Fig. 4C) was upregulated, whereas cytochrome c in the mitochondria was downregulated (JEG-3, 0.46-fold, P<0.01; primary cells, 0.47-fold, P<0.01).
PHLDA2 overexpression inhibits cell migration and invasion.
To evaluate the role of PHLDA2 in the regulation of trophoblast migration, we carried out a wound healing assay at 24 h postinfection. The wound healing assay revealed that the migration rates of the cells in the JEG-3 group infected with PHLDA2-overexpressing lentivirus (32.30±3.93%, P<0.05) (Fig. 5A 
Discussion
PHLDA2 is a maternally expressed and paternally imprinted gene (19) and is associated with fetal growth restriction (13) . Our present study is the first, to the best of our knowledge, to demonstrate the impact of PHLDA2 on trophoblast function. We obtained primary trophoblasts, and CK18 (20) , vimentin and hPL (21) were used as markers to characterize and identify trophoblasts. We detected high expression levels of CK18, vimentin and hPL in primary trophoblasts with immunofluorescence staining. Subsequently, primary trophoblasts and JEG-3 cells were infected with lentiviruses and PHLDA2 overexpression cell lines were established. We noted that PHLDA2 inhibited cell proliferation, migration and invasion, and induced cell apoptosis. Bcl-2 family members act as regulators of cell apoptosis (22) and have been divided into three groups: antiapoptotic proteins (Bcl-2, Bcl-xl and Mcl-1), proapoptotic proteins (Bax and Bak) and BH3-only proteins (Bad, Bik and Bid) (23) . Once the cells receive apoptosis signals, proapoptotic proteins Bax and Bak are activated (oligomerization of Bax and Bak), inserted into the outer mitochondrial membrane and then trigger the release of cytochrome c into the cytosol. Subsequently, cytochrome c activates caspases and induces cell apoptosis (24, 25) . The role of antiapoptotic members is to inhibit their proapoptotic partners (26) . A previous study has reported that PHLDA2 inhibits tumor growth and induces tumor cell apoptosis in vivo. Knockdown of PHLDA2 promotes human osteosarcoma SaOS-2 cell proliferation and decreases the apoptotic rate in vitro and in vivo (27) . However, the roles of PHLDA2 in the proliferation and apoptosis of trophoblasts have not yet been reported. In the present study, JEG-3 cells and primary trophoblasts were infected with lentiviruses. We then evaluated the impact of PHLDA2 overexpression on cell proliferation capability and apoptosis. The results showed that PHLDA2 mRNA and protein expression levels were remarkably upregulated in both sets of cells infected with the PHLDA2-overexpressing lentivirus. In accordance with previous research (27) , the overexpression of PHLDA2 significantly suppressed cell proliferation and induced apoptosis, and the activation of caspase-3 and pro-apoptotic protein Bax, as well as the inhibition of antiapoptotic protein Bcl-2.
ROS, such as superoxide anions, hydroxyl radicals and hydrogen peroxide, are the most common metabolic products of organism (28) . Low levels of ROS serve as 'redox messengers' in the regulation of multiple signaling pathways and cellular processes, whereas excess ROS lead to the inhibition of protein functions and the promotion of cell apoptosis (29) . When ROS reach a threshold level, they cause a decrease in mitochondrial membrane potential, and also cause the release of cytochrome c from the mitochondria into the cytosol and the release of caspase-activating proteins (29, 30) . PHLDA2 has been shown to induce apoptosis of osteosarcoma tumorinitiating cells by activating caspase-3, releasing cytochrome c and decreasing the mitochondrial membrane potential (31) . The results of the present study demonstrated that PHLDA2 significantly promoted the release of cytochrome c, and induced loss of mitochondrial membrane potential and ROS accumulation in trophoblasts. Our study suggests that PHLDA2 overexpression induces trophoblast apoptosis via the mitochondrial pathway and the accumulation of ROS.
The invasion of trophoblasts into the maternal endometrium plays an important role in successful implantation and placentation during pregnancy (32) (33) (34) (35) (36) . Various researchers have demonstrated that shallow trophoblast invasion and inadequate uterine remodeling of spiral arteries are ubiquitous in the placenta of patients with PE in previous studies (37, 38) . Additionally, the expression of PHLDA2 is elevated in the placenta of infants who are affected by IUGR (10) . PHLDA2 is a regulator of embryonic development. It has previously been suggested that PHLDA2 overexpression results in placental abnormalities, including IUGR and PE, whereas low expression of PHLDA2 causes hypertrophic placenta or placentomegaly (39) . Based on these statements, we hypothesized that PHLDA2 was associated with trophoblast invasion. Therefore, in the present study, trophoblasts were infected with a lentivirus overexpressing PHLDA2 in order to examine the functions of PHLDA2. As expected, our results demonstrated that PHLDA2 overexpression inhibited trophoblast migration and invasion.
Our results indicate that PHLDA2 overexpression inhibited trophoblast proliferation and induced cell apoptosis through the involvement of the mitochondrial pathway. Moreover, we suggest that PHLDA2 inhibits trophoblast migration and invasion. These results suggest that PHLDA2 overexpression causes inadequate trophoblast invasion. Further studies are warranted to validate our results. Our study provides evidence for investigating the possible role of PHLDA2 in the occurence and progression of pregnancy-associated complications.
